Abstract: Pig (Sus scrofa) manure is added to the soil to supply nutrients and improve soil properties. To our knowledge, no direct comparison has been made on the effect of liquid pig manure (LPM) and solid pig manure (SPM) on the physical properties of a prairie soil. This study was established in 2009 at the University of Manitoba's Ian Morrison Research Station in Carman, Manitoba. The treatment design was a split-plot structure with cropping system as the main plot and manure treatments as subplots. Five years after the study was initiated, soil samples were collected from the 0-10 cm and 10-20 cm depth intervals for determination of bulk density, saturated hydraulic conductivity (K sat ), and water retention at field capacity and permanent wilting point (PWP). For wet aggregate stability, samples were collected from the 0-5 cm layer. Land application of SPM significantly decreased bulk density by 14%, significantly increased K sat by 110% in the 0-10 cm layer, and resulted in a 30% increase in wet aggregate stability (P < 0.05). In perennial plots, SPM increased water retention at field capacity, PWP, and available water in the 0-10 cm compared with annual plots. This was not the case for LPM-amended soils. We conclude that SPM has the potential as an organic amendment to improve the physical properties of the topsoil.
Introduction
Physical properties of the soil are important for maintaining soil quality (Weil and Kroontje 1979; Rachman et al. 2003) . Animal manure can improve physical properties of the soil by reducing soil bulk density and compaction, and by improving soil structure (Khaleel et al. 1981; Barbosa et al. 2015) through the production of stable soil aggregates (Boyle et al. 1989) , soil aeration, and water retention, especially in sandy soils (Hafez 1974; Schoenau and Davis 2006) .
Manitoba is the third largest pig producing province in Canada (Statistics Canada 2014). As a result, large amounts of pig manure are generated in the province (Sri Ranjan et al. 2005) . The liquid manure handling system is the most common among pig farmers (Beaulieu 2004) . However, in recent years, a few pig producers in Manitoba have experimented with the solid manure handling system. Although several studies have been carried out on the effect of liquid pig manure (LPM) on soil properties, fewer studies have examined the effect of solid pig manure (SPM).
Bulk density is a measure of the state of soil compaction (Blanco-Canqui et al. 2015) . Soil bulk density can be used to estimate several physical properties of the soil, including water retention, porosity, and compressibility (Ruehlmann and Körschens 2009) . Manure is rich in organic matter; as such, its addition to the soil can alter soil bulk density and compressibility (Weil and Kroontje 1979; Khaleel et al. 1981; Prévost 2004; Ruehlmann and Körschens 2009 ). Martens and Frakenberger (1992) reported a decrease in bulk density in the 2.5-10 cm depth interval with the addition of organic amendments. They attributed this decrease in bulk density to an increase in organic matter and aggregate stability in the soil. Similarly, Schjønning et al. (1994) reported a decrease in bulk density of the topsoil after 90 yr of manure application and attributed this decrease to an increase in microporosity and a decrease in particle density in manure-amended soils. Sommerfeldt and Chang (1985) observed a decrease in bulk density in the 0-15 cm depth of an Orthic Black Chernozem after 5 yr of annual cattle manure application. Assefa et al. (2004) reported a decrease of 8-9% in the bulk density of a Black Chernozemic soil that received four annual applications of LPM. A study by Miller et al. (2002b) also showed that bulk density was significantly reduced after 24 yr of solid beef manure application. Field capacity is defined as the water remaining in the soil after internal drainage has ceased (Hillel 1980) . Water retention at field capacity increased with organic matter additions (Khaleel et al. 1981) . Miller et al. (2002a) , in their study on the effect of cattle manure on hydrological properties of a clay loam, reported increased soil water retention (SWR) between 0 and 1500 kPa by 5-48% in soils amended with cattle manure. Asada et al. (2012) also reported that SWR at 1000 kPa increased with increasing rates of LPM, but no increase in water retention of soils amended with standard rates of LPM was observed. Wet aggregate stability measures the stability of soil structure; a reduction in wet aggregate stability predisposes the soil to degradation (Mbagwu 2003) . Barbosa et al. (2015) reported that the application of LPM improved aggregation in an oxisol. A study by Dunjana et al. (2012) on the effect of solid cattle manure on soil properties showed an increase in macroaggregate stability of clay soils following 7 yr of cattle manure application.
Saturated hydraulic conductivity is an important property, which affects water flow, infiltration, and transport of dissolved substances in soil (Jiang and Shao 2014) . The ability of a soil to transmit water depends on aggregation and the stability of soil particles or aggregates (Martens and Frankenberger 1992) . Miller et al. (2002a) investigated the effect of cattle manure on the saturated hydraulic conductivity of a clay loam and reported an increase of 76-128% after 24 yr of manure application.
The cropping system adopted on a farm can affect soil quality (Rachman et al. 2003; Limon-Ortega et al. 2009 ). Perennial crops have deeper roots than annual crops; as a result, they can extract water from greater depths (Wallace 2000) and improve soil structure and drainage (Cransberg and McFarlane 1994) . Soils under a perennial grass hedge system produced significantly lower bulk densities and higher saturated hydraulic conductivities compared with soils under row crops (Rachman et al. 2004a (Rachman et al. , 2004b Seobi et al. 2005 ).
We are not aware of any study that made a direct comparison between LPM and SPM for their effect on the physical properties of a prairie soil. Such knowledge is needed to provide information on the impact that a shift from a liquid to a solid manure management system can have on the soils that receive these manures. Therefore, the overall objective of this study was to determine the effects of 5 yr of LPM and SPM application on physical properties of the soil, under annual and perennial cropping systems.
Materials and Methods
The study was established in 2009 at the University of Manitoba's Ian Morrison Research Station in Carman, Manitoba (latitude 49°29′63″N, longitude 98°02′150″W and 239 m a.s.l.). The soil at the site was a Hibsin Orthic Black Chernozem (Akinremi et al. 2014 ) with a sandy loam texture. The site was seeded to annual and perennial crops from the start of the experiment in 2009 and maintained until 2013. The site consisted of 40 plots (5 manure treatments × 2 cropping systems × 4 replicates), each of which was 10 m long × 10 m wide. There were 10 plots per block, the plots were separated by a distance of 2 m, whereas blocks were separated by a distance of 5 m to serve as a buffer.
The experimental design was a randomized complete block with a split-plot treatment layout in which all treatments were replicated four times. The cropping system (annual and perennial) was the main plot, and manure treatment was the subplot. There were five manure treatments, out of which the following three were selected for this study: (1) nitrogen-based liquid pig manure (N-LPM) (liquid pig manure was applied in 2009-2013 at rates targeted to meet the crop N requirement), (2) nitrogen-based solid pig manure (N-SPM) -solid pig manure was applied in 2009-2013 at rates targeted to meet the N needs of the crops, (3) control (CON) -no manure or synthetic fertilizer was applied.
The LPM was applied as a slurry, whereas the solid manure was applied by surface broadcast in all 5 yr of the study. Incorporation of manure was done on annual plots with a three-point hitch rototiller to a depth of 10-12 cm, whereas manure was not incorporated into the soil on perennial plots (except in 2013 when the plots were seeded to canola). In the annual cropping system, a canola-barley crop rotation was maintained till fall of 2013. In the perennial cropping system, a mixture of timothy (Phleum pratense) and orchard (Dactylis glomerata) grass was maintained till fall of 2012, then ploughed under and seeded with canola in 2013. Properties of the SPM and LPM are shown in Table 1 .
Soil sampling
Surface soil samples were collected from the 0-10 cm and 10-20 cm depth intervals, with two random samples collected from each depth per plot. For wet aggregate stability, two random soil samples were collected from the 0-5 cm depth interval in areas with the least disturbance in each plot.
Saturated hydraulic conductivity was measured using the falling head method (Klute and Dirksen 1986) . Bulk density was measured using the cylindrical core method (Blake and Hartge 1986) . Soil samples for wet aggregate stability were air-dried and crushed by hand, and then passed through a 6.3 mm sieve. Wet aggregate stability was measured using the wet sieving technique (Yoder 1936) , and the mean weight diameter was calculated using the method of Kemper and Rosenau (1986) . For determination of water retention attributes, saturated soil samples in a cylindrical core (3 cm height) were placed on a ceramic plate in a pressure chamber. These were then equilibrated with pressures of 0.2 and 15 bar to determine water retention at field capacity and PWP, respectively. At equilibrium, samples were taken out of the chamber and gravimetric moisture content was determined using the thermo-gravimetric method (Gardner 1986 ).
Calculations
Saturated hydraulic conductivity was calculated using the Darcy equation for saturated flow:
where K is the saturated hydraulic conductivity (cm h −1 ), A 1 is the cross-sectional area of the standpipe (cm 2 ), A 2 is the area of the soil core (cm 2 ), L is the length of the soil in the core (cm), t is time taken for 200 mL of water to pass through the soil (h), H 1 is the height from the initial water level to the base of the core (cm), and H 2 is the height from the final water level in the standpipe to the base of the core (cm).
The volume of soil was calculated from the radius (r) and the height (h) of the core using the formula, πr 2 h. Bulk density (ρ b ) was calculated as the ratio of the total mass of dry soil (M s ) to the total volume of the soil (V t ):
The mean weight diameter (MWD) was determined using the method of Kemper and Rosenau (1986) :
where X i is the mean diameter of any particular size range of aggregates separated by sieving, and W i is the weight of aggregates in that size range as a fraction of total dry weight of sample, with the summation carried out over all n (number of sieves used plus one = 6) size fractions.
The number of sieves used in the determination of mean weight diameter was 5. The sieve diameters were 4, 2, 1, 0.5, and 0.25 mm. The volumetric water contents (θ v ) of samples used to estimate water retention parameters were calculated as the product of the precalculated bulk density (ρ b ) of the samples and the gravimetric moisture content:
where M w is the mass of water and ρ w is the density of water (1 g cm
).
Statistical analysis
Data were analyzed using PROC GLIMMIX in SAS 9.4 (SAS Institute 2014) to determine treatment effects on physical properties of the soil. Analysis of variance was performed separately for each depth interval (0-10 cm, 10-20 cm) as depth effects were not of primary interest in this study. Means were compared using the TukeyKramer multiple comparison test at a probability level of 0.05. When a significant cropping system by manure treatment interaction was observed, means were compared within each cropping system.
Results and Discussion

Saturated hydraulic conductivity
The application of SPM resulted in an increase in saturated hydraulic conductivity (K sat ) of the soil in both soil depth intervals (Table 2 ). This improvement in K sat could be a result of increases in soil organic matter following manure addition and the stimulation of soil aggregation (Celik et al. 2004 ). The straw bedding materials in the SPM are sources of organic carbon (C) (Magdoff 1993) , and their high C:N ratio results in a slow rate of manure decomposition, leading to greater long-term effects on soils (Comin et al. 2013) .
There was no significant difference in K sat between unamended soils and soils amended with LPM, regardless of soil depth interval (Table 2) . This is consistent with the results by Fares et al. (2008) who reported no significant differences in saturated hydraulic conductivity between a tropical soil amended with LPM and the control. The behavior of the soils amended with LPM could be due to lower organic C content of LPM compared with solid manure and differences in the quality of the organic C of the two manures (Ndayegamiye and Cote 1989) .
A 31% increase in saturated hydraulic conductivity was recorded in soils sown to perennial grasses compared with soils under annual vegetation ( Table 2 ). The effect of cropping system on the saturated hydraulic conductivity is similar to the results obtained by Rachman et al. (2004a) and Seobi et al. (2005) in which soils cropped to perennial vegetation had greater saturated hydraulic conductivity compared with row crops. The creation of new pores from active and decaying roots of the perennial grasses or expansion of old pores might have resulted in the increase in saturated hydraulic conductivity (Rachman et al. 2004a) . Also, the presence of larger and deeper roots, and greater root biomass of perennial grasses in the 0-10 cm depth interval compared with annual crops is another reason for increased K sat in perennial plots (DuPont et al. 2014) . A significant cropping system effect was observed only in the 0-10 cm depth interval (Table 2) , perhaps due to this depth being the region with the majority of plant root biomass (DuPont et al. 2014 ).
Bulk density
Repeated application of pig manure significantly decreased soil bulk density ( Table 2 ). The decrease in bulk density of pig manure-amended soils is attributed to a dilution effect resulting from the addition of less dense organic material (pig manure) to the soil (Haynes and Naidu 1998; Celik et al. 2004; Fares et al. 2008) or an increase in soil organic C (Miller et al. 2002b ). The results from this study are consistent with those of Assefa et al. (2004) , Celik et al. (2004) , and Fares et al. (2008) who reported that the addition of pig manure to soil resulted in reduced bulk density. However, the SPM application resulted in a greater decrease (14%) in bulk density, relative to the control, than LPM (see Table 1 ) at the 0-10 cm depth interval. This was due to the presence of bedding material in the SPM, such as straw, with the high C:N ratio (Magdoff 1993; Comin et al. 2013 ). In our study, a decrease of 6-14% in bulk density in the 0-10 cm depth interval was observed after 5 yr of continuous manure addition. Fares et al. (2008) reported that dairy cattle manure and chicken manure produced a greater effect on soil properties due to the presence of bedding materials in the manures. Liquid pig manure is low in organic C when compared with solid manures (Ndayegamiye and Cote 1989 ). An inverse relationship exists between soil organic C and bulk density (Comin et al. 2013) . Manures with high organic C content have a significantly greater effect on soil properties than low organic C manures (Ndayegamiye and Cote 1989) ; hence, the smallest bulk density observed for SPM-amended soil is attributed to its greater soil organic C compared with soil receiving LPM.
Solid pig manure significantly reduced the bulk density of the lower soil layer by 5% ( Table 2 ). The effect of SPM on bulk density in the lower layer could also be attributed to better soil aggregation with pig manure addition, which increased soil total porosity and, by implication, reduced soil bulk density (Fares et al. 2008; Asada et al. 2012) . No significant differences in bulk density were observed between soil amended with LPM and the control in the 10-20 cm depth interval.
Soils cropped to perennial grasses had 12% significantly smaller bulk density than soils under annual cropping at the 0-10 cm depth interval (see Table 2 ). The decrease in bulk density of soils under perennial grasses may be due to the creation of new pores from the active and decaying roots of the perennial grasses or expansion of old pores (Rachman et al. 2004a) , which, by implication, increased the total porosity, thereby decreasing the bulk density. The decrease in bulk density could also be attributed to the greater organic C content from the residues of perennial forages and root biomass (Magdoff 1993; Wienhold and Tanaka 2001; Rachman et al. 2004a ) and better soil aggregation under perennial grasses compared with annual cropping. This is consistent with the results from a study by Rachman et al. (2004a) , which showed that soil under perennial hedges had a significantly lower bulk density than those under row crops hedges.
Wet aggregate stability
Pig manure significantly increased soil MWD, which indicated improved wet aggregate stability by 21-30% compared with the control (Table 2 ). This increase in aggregate stability could be attributed to an increase in organic C content of soil (Dunjana et al. 2012 ) and binding agents from the added manure (Tisdall and Oades 1982) . Bedding materials in solid manures contain hemicellulose and lignin, which decompose slowly (Magdoff 1993; Prescott 2005) and thus have a long-lasting effect as binding agents of soil aggregates (Celik et al. 2004 ). The time frame of the study (5 yr) could be the reason why LPM and SPM behaved similarly for MWD (Carter and Campbell 2006) . It is possible that the greater effect of SPM will be recorded with time as the mineralization of organic C in manure is time dependent. Carter and Campbell (2006) reported no change in aggregate stability of a soil after 3 yr of LPM application, but differences in MWD as a result of manure application have been observed after 7 yr (Dunjana et al. 2012) .
Our study showed no significant effect of cropping system on MWD (Table 2 ). This is in contrast to the investigation by Rachman et al. (2003) in which soils cropped to perennial timothy for 104 yr had higher MWD compared with soils under annual cropping. The lack of a 
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cropping system effect could be the result of the short-term nature of our study.
Water retention at field capacity
In the 0-10 cm depth interval, the effect of manure type on water retention at field capacity varied with the cropping system (Table 2) . In annual plots, pig manureamended (both solid and liquid) soils had significantly greater water retention at field capacity compared with the control (Fig. 1) . This increase in the water retention at field capacity in pig manure-amended soils could be attributed to better aggregation and an increase in microporosity with manure addition (Benbi et al. 1998 ). In perennial plots, however, SPM-amended soils had significantly greater SWR at field capacity than the control or LPM. There were no significant differences in the SWR at field capacity between the LPM-amended soil and the control. This may be due to the combined effect of cropping system and manure, contributing organic C to the soil. Perennial grasses have been known to sequester C (Wienhold and Tanaka 2001; Franzluebbers et al. 2014) ; as a result, a greater percentage of organic C is added to the soil by perennial grasses compared with annual crops. The organic C sequestered by perennial grasses combined with organic C from SPM could have resulted in the larger effect of SPM on SWR in perennial plots. This shows that manure in conjunction with the type of cropping system used can improve SWR at field capacity, resulting from a synergistic effect.
In the 10-20 cm depth interval, SPM significantly increased SWR at field capacity by 16% compared with the control or LPM-amended soil ( Table 2 ). The increase in SWR with SPM addition could be attributed to better soil aggregation and greater microporosity as a result of manure application (Benbi et al. 1998; Moskal et al. 2001; Zhang et al. 2006) .
Water retention at the permanent wilting point
The effect of manure treatment on the water retained at PWP varied with the cropping system in the 0-10 cm depth interval (Table 2) . In annual plots, pig manure-amended soils had significantly greater water retention at PWP than the control (Fig. 2) . The increase in water retention at PWP in pig manure-amended soils in annual plots could be attributed to better aggregation and increased microporosity with manure addition to the soil (Benbi et al. 1998) . In perennial plots, however, the greater increase in water retention at PWP in SPM-amended soils could be because a greater quantity of organic C was added to the soil by perennial grasses compared with annual crops (Culman et al. 2010; DuPont et al. 2014) , and SPM is also a good source of organic C and can increase SWR at PWP (Asada et al. 2012) . A synergistic effect of perennial grasses and SPM, therefore, resulted in the increase in SWR at PWP.
The lack of significant manure or cropping system effects on water retention at PWP in the 10-20 cm depth interval (Table 2 ) may be a result of this depth interval containing a smaller quantity of root biomass than the 0-10 cm soil layer, which is the depth of manure incorporation and contained the majority of the root biomass (DuPont et al. 2014 ).
Plant available water
The effect of manure on plant available water content in the 0-10 cm soil layer varied with cropping system (Table 2 ). The effect of manure and cropping system on plant available water content was similar to the effects of these factors on SWR. In annual plots, SPM-amended soils had significantly greater available water content than the control; however, no significant difference was detected between available water content of the control 
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and LPM-amended soil in the 0-10 cm depth interval (Fig. 3) . In perennial plots, SPM-amended soils also had significantly greater available water content than the control or LPM-amended soils in the 0-10 cm depth interval. The addition of solid manure to the soil can increase SWR at field capacity and (or) PWP (Asada et al. 2012) , which may lead to an increase in plant available water content. The increase in available water of SPM-amended soils on both annual and perennial plots could be attributed to better soil aggregation and greater organic C content of these soils due to manure addition.
In the 10-20 cm soil layer, the available water content of SPM-amended soil was 24% significantly greater than the control (Table 2) . Results from our study are in accord with those of Blanco-Canqui et al. (2015) , who reported an increase in soil available water content in the 15-30 cm depth interval with the addition of solid beef cattle manure. The increase in available water content in our study can be attributed to an increase in soil organic C (Miller et al. 2002a; Blanco-Canqui et al. 2015) , better aggregation, and increased microporosity with manure addition (Benbi et al. 1998) .
The nonsignificant cropping system effect on available water content (see Table 2 ) may be due to the 0-10 cm depth being the region of abundant root biomass (Culman et al. 2010; DuPont et al. 2014) . The effect of manure on the plant available water content depends upon the soil type. Sommerfeldt and Chang (1987) reported a decrease in plant available water in a Dark Brown Chernozem after 12 yr of beef cattle manure addition. This was because manure addition increased the water retained at the PWP more than that at the field capacity, thereby resulting in a decrease in available water content of this soil.
Conclusion
The application of pig manure improved the physical properties of an Orthic Black Chernozem after 5 yr of manure application. Solid pig manure had the greatest effect on physical properties of the soil as a result of the recalcitrant bedding materials, such as straw. The greatest effect of manure on soil properties was observed in the 0-10 cm soil layer, and this was because the topsoil is the region of manure application and most biological activities, such as decomposition and release of nutrients and organic C, takes place in this layer. Bulk density was significantly reduced and wet aggregate stability was significantly increased by pig manure application. Manure addition did not greatly impact physical properties of the soil in the 10-20 cm depth interval. Although soils amended with SPM had a significantly greater saturated hydraulic conductivity and water retention and smaller bulk density in the 10-20 cm depth, this was not the case for the LPM.
The effect of cropping system was only significant for saturated hydraulic conductivity and bulk density and was restricted to the topsoil layer (0-10 cm). This was attributed to the topsoil being the region of abundant root biomass and greater biological activity. Soils under perennial cropping had a significantly greater saturated hydraulic conductivity and smaller bulk density than soils under annual cropping.
We conclude that SPM has the potential as an organic amendment to improve surface physical properties of the soil. Results from our study also suggest that soils under perennial cropping can have increased saturated hydraulic conductivity and smaller bulk density with time.
